Boiling heat transfer is a superior heat transfer technology using the latent heat transport with phase-change. However, it has been difficult to employ as a cooling technology for electronics because the unstable transition boiling and film boiling with excessive high temperature are impossible to control. In highly subcooled boiling, the coalescing bubbles formed on the heating surface collapse to many fine bubbles at the beginning of transition boiling and the heat flux exceeds the critical heat flux. This boiling regime has been called Microbubble Emission Boiling (MEB). Two models of cooling device are introduced using subcooled flow boiling with MEB for power electronics, where the maximum heat flux is 500 W/cm 2 (5 MW/m 2 ).
Introduction
Since the end of the last century, we have serious problems with the natural environment, energy resources, and global warming. In particular, the reduction of CO 2 emissions is an important problem to be resolved urgently.
In order to reduce CO 2 emission and save fossil fuels, the development of electric vehicles (EVs) has recently been accelerated. In the near future, automobiles driven by petrol or oil will be replaced by EVs or fuel cell vehicles (FCVs). In the EV power control system, an IC package is employed for electronic power equipment such as an inverter. These IC inverters produce large amount of heat and the maximum heat flux has been predicted at higher than 300 W/cm 2 .
Recently, Silicon Carbide, SiC, has attracted interest as a new power semiconductor material in place of the conventional Silicon. The maximum operating temperature of
SiC is said to be 400~450°C. However, the actual operating temperature should be lower than 200°C in order to decrease power loss and to protect circuit parts from high temperatures. Of course, it is impossible to remove such high heat flux from the new power IC devices by conventional cooling technologies, namely air cooling or liquid cooling.
Boiling heat transfer is well known as a superior heat transfer technology to remove large amounts of heat from a hot body using the transport of latent heat with a phasechange. However, there are some difficulties with applying this cooling method to electronics. The heating surface becomes covered with coalescing bubbles at the critical heat flux (CHF), the maximum of nucleate boiling where the liquid is not fully in contact with the heating surface.
The remaining liquid layer or microlayer below the coalescing bubbles evaporates rapidly and the surface begins to dry. The boiling then turns rapidly to film boiling with the instantaneous temperatures rising through transition boiling. Finally, the surface is seriously damaged by the high temperature burnout. Generally, it is impossible to control the transition boiling. So it has been difficult to apply boiling heat transfer to the cooling technology in electronics.
In highly subcooled boiling, many microbubbles are emitted from coalescing bubbles formed on the heating surface at the beginning of transition boiling and the heat flux exceeds CHF considerably, as CHF shown in Fig. 1 and Professor of Tohoku National University, for subcooled flow boiling [6] [7] [8] and by Kin-ichi Torikai and Koichi
Suzuki for channel flow boiling. [9, 10] For example, the maximum heat flux is higher than 1000 W/cm 2 in subcooled flow boiling of water with heating surfaces smaller than 10 mm × 10 mm. [8, 11] According to the investigations of MEB, the authors proposed two models for cooling devices in power electronics. The maximum cooling heat flux was 500 W/cm 2 in subcooled flow boiling of water with microbubble emissions under atmospheric conditions. The present paper introduces Microbubble Emission Boiling and its application to cooling technology in power electronics.
Outline of Microbubble Emission Boiling (MEB)
Bubble behaviors in subcooled pool boiling are shown (2).
The heat transfer coefficient is given by the boiling curves shown in Fig. 3 . The heat transfer coefficient in boiling is based on the superheating of the heating surface as in equation (3).
For example, the heat transfer coefficient h B in nucleate boiling is about 80,000 W/m 2 K and h MEB in MEB is 140,000~200,000 W/m 2 K given by the experimental result shown in Fig. 3 . Those heat transfer coefficients are considerably higher than those in single phase flow heat transfer.
Applications of MEB for Cooling Technology
Generally, an inverter used for an EV is composed of IC packages and the cooling surface is considered large, 10 cm × 20 cm for example. The thermal emission rate is pre- Technical University of Muenchen for their great cooperation in the experimental research and development.
